Objective: Adult neurogenesis in the subgranular zone and subventricular zone is generally accepted, but its existence in other brain areas is still controversial. Circumventricular organs, such as the area postrema (AP) have recently been described as potential neurogenic niches in the adult brain. The AP is the major site of action of the satiating hormone amylin. Amylin has been shown to promote the formation of neuronal projections originating from the AP in neonatal rodents but the role of amylin in adult neurogenesis remains unknown.
INTRODUCTION
Amylin is a pancreatic hormone whose role in the control of food intake and energy metabolism is well characterized [1e6] . In response to nutrient stimulation, amylin is co-secreted with insulin from the b-cells [2] , whereby it acts to slow glucose appearance by reducing food intake, inhibiting glucagon secretion, and slowing gastric emptying [7, 8] . Amylin's effects are primarily mediated via the area postrema (AP), a sensory circumventricular organ (CVO) located at the inferoposterior border of the fourth ventricle in the hindbrain. AP-neurons express amylin receptors, which comprise a calcitonin receptor (CTR) core and one or more members of the receptor activity-modifying proteins (RAMPs) [9e12] . Amylin treatment activates the extracellular signal-regulated kinase 1 and 2 (ERK 1/2) signaling pathway in CTRpositive AP neurons, which may contribute to its satiating effect [13] . Further, we recently showed that acute amylin differentially regulates the transcription of its own receptor components (RAMPs) and of the leptin receptor in the AP of adult rats [12] . While amylin's role in energy homeostasis is perhaps the most studied, growing evidence suggests that the hormone may have additional beneficial effects in the brain. Neonatal amylin-deficient mice have a reduced density of neuronal projections from the AP, suggesting amylin's potential to function as a trophic factor [14] . Amylin may also exert neuroprotective effects in the brain. Chronic treatment with the amylin analog pramlintide improved memory, cognition, and ameliorated hippocampal pathology in a mouse model of Alzheimer's disease [15] . Chronic treatment with amylin could also rescue reduced cell proliferation observed in the hippocampus and AP following ovariectomy in adult female rats [16] . At present, little is known about the mechanism by which amylin causes these neuronal changes, notably the neurogenic effects observed in the adult brain. In has been shown recently that several CVOs, including the AP, contain the machinery necessary for the birth of new neurons, including neural stem cells (NSC), and that adult neurogenesis constitutively occurs in these nuclei [16e19] . As observed in the classic neurogenic niches of subgranular zone of the 1 hippocampus [20, 21] and the subventricular zone lining the lateral ventricle [22] , adult-born cells in the mammalian brain are guided through proliferation, differentiation and survival by specific extracellular and intracellular programs [23] . Upregulation of the proneural basic helix-loop-helix (bHLH) transcriptional factor NeuroD1 (Neuronal differentiation-1, also known as Beta2) alone is sufficient to induce the differentiation of adult hippocampal neural progenitors into neurons [24, 25] , whereas the deletion of NeuroD1 from these neurogenic niches resulted in a significant reduction of new neurons [25] . Further, growing evidence supports the role of Ephrin-signaling and gammaamino-isobutyric acid (GABA) signaling in the control of multiple steps of adult neurogenesis [26e28] . It is unclear if these pathways are also involved in adult neurogenesis in the AP, and whether amylin might activate them to promote the birth of new cells. There are several reports, however, demonstrating that signals related to nutrient status can influence adult neurogenesis. Metabolic hormones like insulin, leptin, and ghrelin have all been shown to induce neurogenesis in the hippocampus [29e32] . It was also shown recently that consumption of a high fat diet increases neurogenesis in the hypothalamic median eminence (ME) [33] . Like insulin and leptin, amylin levels are elevated in states of positive energy balance, and could therefore be another nutritional signal driving the generation of newborn neurons in metabolic centers in the brain [34] . In the present study we therefore asked whether acute and chronic amylin administration might influence adult neurogenesis in the AP. To address these questions, we first performed an RNA-sequencing experiment to determine the genes differentially regulated by acute amylin treatment. Further, we analyzed the chronic amylin-mediated effects on cell proliferation and differentiation in the AP of adult rats by BrdU-labeling and double-fluorescent immunohistochemistry techniques.
ANIMALS, MATERIALS AND METHODS

Animals and housing
Adult male Wistar rats (Janvier, Le Genest Saint Isle, France) (220e 250 g) were used for the experiments and were single-housed in a temperature-controlled environment (21 AE 1 C) on an artificial 12 h/ 12 h light/dark cycle. Rats had ad libitum access to water and standard chow (no. 3430; Provimi Kilba, Gossau, Switzerland), except during fasting periods as described below. All procedures involving animals and their care were approved by the Veterinary Office of the Canton Zurich, Switzerland, and in accordance with the EU Directive 2010/63/ EU on the protection of animals used for scientific purposes.
Drugs
Amylin (Bachem AG, Bubendorf, Switzerland; catalog number: H-9475.1000) was reconstituted in sterile 0.9% NaCl, AC187 (TOCRIS Bioscience, Bristol, UK; catalog number: 3419) was reconstituted in sterile double-distillated water. BrdU (B5002, Sigma Aldrich, Buchs, Switzerland) was dissolved in sterile double-distillated water and heated to 40e50 C.
2.3. Experiment 1: next generation sequencing (NGS) of the entire AP Rats (220e250 g; n ¼ 5 per group) were fasted for 12 h during the light phase. At dark onset, rats were acutely treated intra-peritoneally (i.p.) with amylin (20 mg/kg), amylin plus the amylin receptor antagonist AC187 (500 mg/kg) or with vehicle (NaCl). Ninety minutes after drug administration, rats were anesthetized with isoflurane and decapitated; during this 90-min period, rats had no access to food. 
Experiment 2: validation of NGS findings
The second experiment aimed to further validate the difference in NeuroD1 transcript at the protein level. Rats (220e250 g; n ¼ 3 per group) were fasted during the light phase and acutely treated with amylin (20 mg/kg; i.p), or with vehicle (NaCl; i.p). Ninety minutes after drug administration, animals were deeply anesthetized with sodium pentobarbital (100 mg/kg; i.p.) and transcardially perfused using 0.1M PB followed by 4% paraformaldehyde (PFA). During this 90-min period, rats had no access to food. The brains were collected and maintained overnight in 4% PFA. Subsequently, the brains were transferred to 20% sucrose in PBS for 24 h. Brains were cut into 20-mm coronal sections on a cryostat (Leica microsystem, Wetzlar, Germany) and stored in cryoprotectant (20% glycerol, 30% ethylene glycol, 50% 0.1M PB) until processing for immunohistochemistry. of the pre-charged solution; Durect Corporation; Cupertino, CA, USA) for seven days or three weeks, respectively. On the day of implantation, the minipumps were filled under sterile conditions with saline or amylin. Rats were initially anesthetized by inhalation of 5% isoflurane (IsoFlo Ò , Provet AG, Lyssach, Switzerland), then maintained on 2e3%
isoflurane and placed on a heating pad to maintain body temperature during surgery. At the site of implantation, rats were shaved and the skin was disinfected with Betadine Ò (Provet AG, Lyssach, Switzerland).
Under sterile conditions, a small incision was made between the scapulae and the minipump was subcutaneously implanted. The wound was closed with interrupted cutaneous sutures. Food intake and body weight were measured daily.
BrdU injection
BrdU was used to track cell proliferation and differentiation. Rats were given twice daily i.p injections of BrdU (75 mg/kg; 12 h apart) for 6 days, starting on the day of minipump implantation. To determine the rate of newborn cells, part of the rats were sacrificed on day 7 (i.e. 12 h after the last BrdU injection); the remaining rats were allowed to survive for an additional two weeks and then sacrificed at the end of the 3-week amylin infusion period, to investigate the fate of the BrdU-labeled cells. 
Statistical analysis
Relative mRNA expression levels were assessed by one-way ANOVA. BrdU-labeled cells and food intake were quantified and then compared using Student's t-test or one-way-ANOVA, as appropriate, by using GraphPad Software version 6.0 (San Diego, CA, USA). All values are expressed as mean AE S.E.M. The level of significance was set to P < 0.05.
RESULTS
3.1. Acute amylin treatment affected the regulation of genes involved in pathways and processes that participate in the regulation of neurogenesis We recently demonstrated that acute amylin treatment regulates the transcription of specific genes in the AP that are involved in amylin signaling at the single cells level [12] . We therefore aimed to determine whether amylin also has the ability to modulate the entire transcriptome of the AP. Pathways analysis performed on the NGS data revealed that Cell adhesion_Ephrin signaling, neurophysiological process_GABA A -receptor life cycle and neurophysiological process_ GABA B -receptor signaling at postsynaptic sides of the synapsis pathways were the top-three pathways which involved genes affected by acute amylin treatment (Table 1) . GO analysis strengthened and expanded the results obtained with the pathway analysis. GO analysis described a scenario in which most of the genes that were affected by amylin in the adult AP are involved in processes such as neurogenesis, synaptic transmission, nervous system development, cellecell signaling and generation of neurons ( Table 2) . The cross analysis between pathways and GO processes was used to generate a gene network of the major targets affected by our experimental conditions. The resultant gene map confirmed that acute amylin treatment influenced the Ephrin and GABA A gene families. Moreover, the network analysis revealed that NeuroD (Neuronal-differentiation) and Wnt (Wingless-Type MMTV Integration Site Family) gene families are present and integrated in the network of genes affected by amylin in the AP of adult rats (Figure 1 ).
3.2. Acute amylin administration significantly upregulated NeuroD1 transcript and protein in the AP of adult rats, and this response was completely blocked by the administration of AC187 Results from the GO enrichment analysis (Table 2) showed that the majority of the genes identified via the NGS are involved in neurogenesis-like processes; further, the gene network ( Figure 1 ) described a scenario in which NeuroD1 may interact, via canonical and unknown pathways, with Wnt, EphRs and GABA A -receptors signaling to mediate amylin's effect on neurogenesis-like processes. Therefore, we further validated the effect of amylin on NeuroD1 mRNA expression by qPCR and found that acute amylin treatment significantly upregulated NeuroD1 transcript levels about 13 fold. This effect was completely reversed by in vivo co-application of the amylin receptor antagonist AC187 (Figure 2A ; One-way ANOVA; F (2,12) ¼ 18.96, *** P ¼ 0.0002). We confirmed the upregulation at the protein level and showed that rats (n ¼ 3 per group) that were acutely treated with amylin exhibited a marked upregulation of NeuroD1 compared to controls (Figure 2BeD ; Student's t-test; t 4 ¼ 9.774, *** P ¼ 0.0006).
3.3. Chronic amylin treatment significantly increased the number of newly proliferated (BrdU-labeled) cells after one-week treatment in the AP of adult rats To further investigate a direct role of amylin in adult neurogenesis, animals (n ¼ 8 per group) were chronically treated with amylin (50 mg/ kg/d) or vehicle. Food intake was measured daily throughout the experiment; as expected [4] , amylin effectively decreased 24-hour food intake (but not body weight) compared to controls (Student's ttest; t 14 ¼ 2.574, * P < 0.05; Supplementary Figure 1a,b) . Based on the premise that new cells are continuously generated in the AP of adult rats [17, 18] , we examined the number of newly proliferating cells by analyzing BrdU-immunoreactive (BrdU-labeled) cells in vehicle ( Figure 3A ) and amylin-treated animals ( Figure 3B ). After oneweek of amylin infusion, the number of BrdU-labeled cells was significantly increased compared to controls (Student's t-test; t 12 ¼ 3.978, ** P ¼ 0.0018; Figure 3C ). This suggests that chronic amylin treatment may be sufficient to affect and enhance the generation rate of adult-born cells.
BrdU-labeled cells predominantly differentiated into neurons after three-weeks of chronic amylin treatment in the AP of adult rats
To determine the cell fate of the newly born cells in adult rats, we performed a series of immunohistological double-label staining using different cellular markers after three weeks of amylin treatment (Figure 4 ). Immature and mature neurons were stained with the *Total refers to the total number of genes involved in a pathway. False discovery rate (FDR) and P-value refer to pathways involved in the experimental conditions. A P-value <0.01 is considered significant. *Total refers to the total number of genes involved in a process. FDR and P-value refer to processes involved in the experimental conditions. A P-value <0.01 is considered significant.
neuronal marker HuCD ( Figure 4B ,E) and BrdU þ /HuCD þ double-labeled cells were mainly present in the central region of the AP ( Figure 4F ). Glial cells were identified with the glial marker GFAP ( Figure 4H ,K) and BrdU þ /GFAP þ double-labeled cells were predominantly located at the borders of the AP ( Figure 4I ,L). The number of BrdU-labeled cells was higher in rats chronically treated with amylin compared to controls (Student's t-test; t 15 ¼ 2.163, * P ¼ 0.0471; Figure 5A ). Moreover, amylin significantly increased the number of BrdU þ /HuCD þ doublelabeled cells, compared to control (Student's t-test; t 15 ¼ 6.059, * P < 0.0001; Figure 5B ). Finally amylin significantly raised the percentage of double-labeled cells in respect to the percentage of BrdUpositive cells (Student's t-test; t 15 ¼ 5.563, * P < 0.0001; Figure 5C ).
The number of newly generated cells is not only a function of cell proliferation and migration, but also of cell death. To exclude any potential toxic effects of chronic amylin treatment on neuronal survival, we quantified the total number of mature and immature neurons in the AP of animals after 3-weeks of amylin or vehicle treatment. Our results reported no significant difference in the number of immature and mature neurons comparing amylin versus vehicle-treated animals; suggesting that chronic amylin infusion has no toxic effect on the neuronal survival in the AP of adult rats (Student's t-test; t 10 ¼ 0.828, P ¼ 0.4267; Figure 5D ). Moreover, chronic amylin treatment did not induce any gliosis in the AP of adult rats (Student's t-test; t 13 ¼ 1.607, P ¼ 0.1320; Figure 5E ). Original article Finally, we further confirmed the double-staining observed under fluorescence microscope ( Figure 6A ) by confocal quantification. Our results showed that amylin preferentially induced a neuronal rather than glial cell fate (One-way ANOVA; F (3, 28) ¼ 27.51; **** P < 0.0001; Figure 6B ). To confirm a chronic amylin effect, food intake and body weight were monitored daily during the experiment. 24-hours food intake (but not body weight) was significantly decreased by amylin during the threeweek treatment period (Student's t-test; t 14 ¼ 2.718, * P ¼ 0.0167; Supplementary Figure 1c,d) . Ultimately, to exclude a possible colocalization of BrdU-labeled cells with interneurons or blood vessels, we performed immunohistochemical analysis for the interneuron marker CR (Supplementary Figure 2aef) and the blood-vessel marker RECA-1, respectively (Supplementary Figure 2gel) . We did not detect any co-localization of BrdU-labeled cells with CR ( Supplementary  Figure 2f) , indicating that chronic amylin does not seem to promote the differentiation of newborn cells into interneurons in the AP. Abundant RECA-1 staining was found in the AP, confirming its highly vascularized structure (Supplementary Figure 2h,k) ; however, no colocalization between BrdU and RECA-1 was detected in the AP of adult rats (Supplementary Figure 2i,l) . 
DISCUSSION
The present findings further substantiate amylin's role as a promoter of neurogenesis in the AP of adult rats. First, our NGS analysis demonstrated that acute amylin administration modulates genes involved in pathways and processes that regulate different steps of both postnatal and adult neurogenesis in the AP of adult rats. Second, chronic administration of amylin increased the number of newly proliferated cells in the AP and promoted their differentiation predominantly into neurons rather than astrocytes. Finally, the validation of the NGS results supports the idea that NeuroD1 underlies the neurogenic effects of amylin in the AP. Specifically, our NGS data showed that signaling pathways that guide all the stages of neurogenesis from birth through maturation, such as Ephrin-, GABA-and Wnt-signaling, are affected by acute amylin treatment. Our results also revealed that amylin triggers the upregulation, and possibly the activation, of NeuroD1 mRNA and protein in the AP of adult rats. Co-administration with the amylin receptor antagonist AC187 blocked this amylin-induced increase of NeuroD1, suggesting a direct role of amylin on NeuroD1 expression in this brain area. As the current study did not investigate whether the upregulation of NeuroD1 is required for neurogenesis in the AP, additional experiments involving mouse models of conditional NeuroD1-deficiency are critically important [25] . Moreover, our study strengthened and expanded previous findings describing that the AP of adult rats, like other CVOs, contains constitutively proliferating cells that differentiate into neurons and astrocytes [17, 33] . The observed in vivo increase in BrdU-labeling in the presence of chronic amylin therefore points to the promoting role of amylin in the control of AP-cell proliferation. Importantly, the amylin-mediated acquisition of a neuronal fate of the adult-born BrdU-labeled cells, adds novel findings to the effects of amylin in the AP. In fact, standard and confocal fluorescent microscopy analysis demonstrated that the majority of newly proliferated cells in the AP of adult rats differentiated into neurons. Only a small percentage of adult-born cells, mainly those located at the edges of the AP, differentiated into astrocytes three weeks after amylin treatment. To exclude the possibility of a neurotoxic role of chronic amylin infusion on AP-cells, we also demonstrated that the total number of mature and immature neurons (HuCD-labeled cells) and astrocytes (GFAP-labeled cells) in the AP of adult rats is not Original article decreased by the administration of amylin. However, since the number of proliferative cells is also function of cell death, further studies investigating apoptotic processes will be required. The novel actions of amylin characterized in this study raise several questions regarding the functional and physiological role of amylinmediated increased neurogenesis in the AP of adult rats. At present, the significance of constitutive neurogenesis in the adult AP is poorly understood. A potential explanation could be that the generation of new neurons is required to control homeostasis. Specifically, the ongoing neurogenesis might be responsible for a fine control of food intake and vomiting [1, 35] , two main actions controlled by the AP by a large number of physiological or pathological stimuli. Hence, the necessity for the constitutive neurogenesis in the adult AP might reside in the "CVO-nature" of the AP. The lack of a BBB, and the possible negative influence on AP-neurons due to blood-derived toxins might affect the efficiency and survival of AP-neurons. Therefore, the presence of new neurons in this brain area might suggest a protective mechanism of neuronal replacement. Interestingly, other brain areas involved in nutrient sensing and in the control of eating have also been reported to show adult neurogenesis. In the arcuate nucleus of the hypothalamus, the ciliary neurotrophic factor mediates continuous neurogenesis, which has been shown to affect the long-term regulation of energy balance [36] . In the adjacent ME, tanycytes from the ependymal zone generate new neurons that contribute to the control of food intake and development of obesity when mice were fed a high-fat diet [33] . The ME also undergoes structural changes in response to metabolic challenges, like fasting, which alter the accessibility of nutrients, such as glucose, to neurons in the arcuate nucleus [37] . Amylin-induced neurogenesis in the AP, which is structurally similar to the ME, with tanycyte-like cells and fenestrated capillaries, might also facilitate neuronal plasticity and proliferation required to maintain energy homeostasis after metabolic challenges [38, 39] . How amylin exerts the aforementioned effects is unknown at present. Our recent study demonstrated that more than one amylin receptor subtype may be present in AP-neurons [12] . This suggests that different amylin actions (for example, decreased food intake and enhanced neurogenesis) might be mediated by different combinations of the CTR/RAMPs complex. Which of these combinations may be relevant for the neurogenic effect remains to be studied. Moreover, our findings show that exogenous amylin increases neurogenesis, but we did not directly assess the effect of endogenous amylin on adult neurogenesis. Future BrdU-studies that test the effect of AC187 alone on neurogenesis are needed to address this fundamental question. A potential mechanism used by amylin to enhance adult neurogenesis in the AP might involve amylin-induced activation of the ERK 1/2 cascade. Our own studies showed that acute amylin time and dosedependently activates ERK 1/2 signaling, by inducing ERK phosphorylation, and that this effect contributes at least in part to amylin's satiating effect [13] . Since pERK-positive AP-neurons partially overlap with the core subunit of the amylin receptor CTR [13] , this effect seems to be mediated by CTR-signaling. It has been shown that ERK1/2 knockout mice have impaired neurogenesis (as characterized by abnormal laminar differentiation and marked reduction in neuronal size in hindbrain nuclei), suggesting that ERK1/2 activity is required for the generation of new neurons [40] . Moreover, recent findings demonstrated that Wnt-mediated adult neurogenesis results in the upregulation and activation of NeuroD1, possibly by triggering ERK-signaling [41e44]. These findings therefore suggest that amylin may influence AP-adult neurogenesis via ERK signaling. To confirm the presence of an amylin effect, food intake and body weight were monitored daily throughout the course of the chronic experiment. Average daily food intake was significantly reduced in amylin-treated rats compared to control. Unexpectedly, amylin did not reduce body weight. As weight loss per se is known to induce neurogenesis in the hippocampus [45] , we can therefore exclude an effect of decreased body weight as a source of increased neurogenesis in the AP of adult rats. However, the exact relevance of amylin-induced neurogenesis in the AP of adult rats in the context of feeding behavior and the control of eating is not known at present. Since our recent work demonstrated that amylin downregulates the subunits of the amylin receptors [12] , it seems possible that a chronic amylin treatment might require an increased number of amylin-responsive AP-neurons in order to mediate the satiating effect and thus a prolonged action on the metabolic circuits.
In conclusion, the present data further extend our understanding of the amylin-mediated effects in the rodent AP. Our data demonstrate that amylin regulates genes involved in pathways and processes that drive neurogenesis in the adult mammalian brain. Our results also show an in vivo increase in the number of newly proliferating AP-cells after chronic amylin treatment. Moreover, amylin has the potential to commit the AP adult-born cells to a neuronal fate. Amylin may therefore be a novel target to be used to decipher the interaction between neurogenic and metabolic circuits.
